US009136572B2

a2 United States Patent 10) Patent No.: US 9,136,572 B2
Carr et al. (45) Date of Patent: Sep. 15, 2015
(54) DUAL STRIPLINE TILE CIRCULATOR ;‘,flﬁ 51;(5),2;2 : . g; }ggg %’IOT_Z et 31~1 —
. s s urtan etal. ... .
UTILIZING THICK FILM POST-FIRED 5347241 A /1994 Panaretes of al.
SUBSTRATE STACKING 5,898,346 A * 4/1999 Kameietal. .....coo........ 333/1.1
6,633,205 B2 10/2003 Jussaume et al.
(71) Applicant: Raytheon Company, Waltham, MA 6,822,524 B2  11/2004 Hempel et al.
(US) 6,844,789 B2* 1/2005 Lombardietal. ............. 333/1.1
7,382,209 B2 6/2008 Watanabe
. 7,385,454 B2 6/2008 Kingston et al.
(72) Inventors: James A. Carr, Fountain Valley, CA 7495521 B2 2/2009 Clllréise(t)gf
(US); Mark B. Hanna, Allen, TX (US) 2002/0135434 A1 9/2002 Emanuelsson
2006/0226924 Al* 10/2006 Chenetal. .......cccoevenen 333/1.1
(73) Assignee: g?g)theon Company, Waltham, MA (Continued)
OTHER PUBLICATIONS
(*) Notice: SubJeCt. to any dlSCIalmer’. the term of this Bosma, H. On Stripline Y-Circulation at UHF, IEEE Transactions on
patent is extended or adjusted under 35 Mi .
icrowave Theory and Techniques, Jan. 1967, pp. 61-72.
U.S.C. 154(b) by 230 days. .
(Continued)
(21) Appl. No.: 13/952,020
Primary Examiner — Stephen E Jones
(22) Filed: Jul. 26, 2013 (74) Attorney, Agent, or Firm — Daly, Crowley, Mofford &
Durkee, LLP
(65) Prior Publication Data
US 2015/0028961 A1 Jan. 29, 2015 (7 ABSTRACT
A dual stacked stripline circulator includes multiple compos-
(51) Int.ClL ite ferrite discs, each having an inner portion and an outer
HOIP 1/387 (2006.01) portion; a first substrate having an edge with a first composite
(52) US.CL ferrite disc disposed in the first substrate; a second substrate
CPC o HO1P 1/387(2013.01) having an edge with a second composite ferrite disc disposed
(58) Field of Classification Search in the second substrate; a third substrate having an edge with
CPC oo HO1P 1/387 @ third composite ferrite disc disposed in the third substrate,
USPC oo 333/1.1,242  the third substrate disposed adjacent the second substrate; a
See application file for complete search history. fourth substrate having an edge with a fourth composite fer-
rite disc disposed in the fourth substrate; a first pattern defin-
(56) References Cited ing three ports of a first three-port circulator disposed
between the first substrate and the second substrate; a second
U.S. PATENT DOCUMENTS pattern defining three ports of a second three-port circulator
3286201 A 11/1966 Robert disposed between the third substrate and the fourth substrate;
3752'378 A 9/1973 V\;)air?wii oht and a metal film encircling the edge of the first, second, third
4122418 A 10/1978 Nagao and fourth substrate.
476,522 A 6/1981 Coerver
4,791,389 A 12/1988 Wolfert 14 Claims, 8 Drawing Sheets
100
[ R— Magnat o L7 Radiator Side
002 ] Adreae e 114
L Pole Plece e 105 111
100
002 ot Aghesive e 113 -
100~y Ferrite Substrate [ 101 -
0015 ~— CEsSVEER 109 112 I
100~ Ferrite Substrate [ 102
0015 ~] ChssNaFl e 108 "o
100 e Ferrite Substrate - 103
0015~ Class/Via Fil [ 109
100~} Ferrite Substrate - 104
D02 e Adhesive e 118 gy
D15~ Pole Plece e 106
002~ Adhesiee, e 116
030 Magnet 108 T/R Module Side




US 9,136,572 B2
Page 2

(56) References Cited
U.S. PATENT DOCUMENTS

2011/0068877 Al 3/2011 Chawla et al.
2011/0193649 Al* 8/2011 Popelkaetal. ......... 333/1.1

OTHER PUBLICATIONS

Fay, C.E., et al., Operation of the Ferrite Junction Circulator, IEEE
Transactions on Microwave Theory and Techniques, Jan. 1965, pp.
15-27.

Simon, J.W., Broadband Strip-Transmission Line Y-Junction Circu-
lators, IEEE Transactions on Microwave Theory and Techniques,
May 1965, pp. 335-345.

Notification of Transmittal of the International Search Report and the
Written Opinion of the International Searching Authority, or the
Declaration, PCT/US2014/037441, Sep. 26, 2014, 1 page.
International Search Report, PCT/US2014/037441, Sep. 26,2014, 4
pages.

Written Opinion of the International Searching Authority, PCT/
US2014/037441, Sep. 26, 2014, 9 pages.

Chinmay K. Maiti, D. Bhattacharyya, N.B. Chakrabarti, Fabrication
of Nonreciprocal Microwave Components Using Thick Film Fer-
rimagnetic Pastes, Electrocomponent Science and Technology, 1981,
vol. 8, pp. 111-114.

* cited by examiner



U.S. Patent Sep. 15, 2015 Sheet 1 of 8 US 9,136,572 B2

FiG. 1



U.S. Patent Sep. 15, 2015 Sheet 2 of 8 US 9,136,572 B2

}/“““iﬁﬁ
D30 Magnet SR 11
02 Adhesive B i T
A5 e Pole Plecse e TG
L02 e Adhesive e 113
S0G e Ferrite Substrate SRR T
L0158 e GlassiVia Fif M L
0 e Ferrite Substrate e 112
[0S e GlassNVig Fil I 1
S0 e Farrite Subsirate R 1
D018 e GlassVie Fil e 108
A0 s Farrite Substrate e 1004
O0E e Adhasive e B
O15 ~ee Faole Plece e 108
B0 e Adhesive e 16
A30 e Magnet e 108

FiG, 1A



U.S. Patent Sep. 15, 2015 Sheet 3 of 8 US 9,136,572 B2

Radiator Side

111

TR Module Side

FiG. 1B



U.S. Patent

Sep. 15, 2015

Sheet 4 of 8

2

Fredradies

H

y
¥
o~ b
o9
RS-
o PR
3 >
¥
e
e

B e
w

;
3
\}F e

=

US 9,136,572 B2

,
y
oy

Fity, 2

Ay

d £
H { ]
¥ i .
¥ H :

N H {

N i {

A N !

i : ;
e —~ = ¥ £
\‘\\\ d \\\:- & <
=3 W A =




U.S. Patent Sep. 15, 2015 Sheet 5 of 8 US 9,136,572 B2

FiG. 24

21

2677

&6

A e

FitG. 2B Fit. 2C



U.S. Patent Sep. 15, 2015 Sheet 6 of 8 US 9,136,572 B2

FiG, 2E
LA B T s 104
‘3@2«%% % jw?%




U.S. Patent Sep. 15, 2015 Sheet 7 of 8 US 9,136,572 B2

100
;

TS

107

S B P4

FiG. 5

100

FiG. 34



US 9,136,572 B2

Sheet 8 of 8

Sep. 15, 2015

U.S. Patent

DIRHBGNS DOUDTS

7 pUE | USEp Noms

easons 3o dog 4

HOEIE S1BA8GNS U0

¢ pUE | SISGLINY

yBIA
¥4 giZ 14 ¥ié fA¥4
© D5 D 0G4 1 8 pue Ty Dl 18 S
3@ B4 pUB 3 051 paL e A 3 0GL A o w2 Ay D081 A0
12 Ay Apussse d 7opue L ousen PUB O 051 5 DUE | SIBGgunU

UsSeD siunsgng

puo sised wy % O RO PUE § apsyorg uo Aip % mmwm%wmwwm%w mm 41 uoippue M
o ol dews pue © USED Yous PUE ] 2ih uay & DU 7 SIBCLTL i BIA UHY o
afipT Aguiesse BYEASANS 10 SIS HOHE Sl AND ysep GBS Bl "AID pUR
BIRASUNS POYOEIE S48 UG pob mwm pue sseid Bugzes s 40 peb ssel Buypes
P uo 55840 BiA Ul YOI i WA HORE Uil BIA LIS MORI Emwm ULHE MORE Ul
Bugess demw ofpg : ; ; R :
114 i G0z [i74 Z0e
spadel pue 7 06Y . - G058 8l
f JBERUTA LSED m mwmm Mm www wol'DosLE MG | | wwmmm Mmmmgw Pt USBQ
HBASLNG J0 OPIS 1y YEBD SI8ISUNS 0 Tl URED SIBRSUNS U0 L | Bug pusediuog - SESGNS
~WOEG PUS Y0 S SPIEYIRE PUE 104 EORG snogisy Dusn ’ wﬁ.@mm wx - SRSOULL0D
s pue 'dowasp 6 g OORPUDD w0y Brad fw woup P i s o DBLLOBLL
el yoyd Addy Ay 150 UBBISE L2 £ wndngg Busn s e Sy 1955 BAMBI8L
’ SOU-TULY SRS EE Vmumﬁ Wit

002 — %




US 9,136,572 B2

1
DUAL STRIPLINE TILE CIRCULATOR
UTILIZING THICK FILM POST-FIRED
SUBSTRATE STACKING

STATEMENTS REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with Government support under
Contract No. N00019-10-C-0073 awarded by the Depart-
ment of the navy. The Government has certain rights in this
invention.

FIELD OF THE INVENTION

This disclosure relates generally to radio frequency (RF)
antenna arrays and more particularly to a which can be used in
the feed structure for such antenna arrays.

BACKGROUND

As is known in the art, feed structures are used to couple a
radar or communication system to an array of antenna ele-
ments. One component of a feed structure is a circulator. U.S.
Pat. No. 5,374,241 entitled “Dual Junction Back-To-Back
Microstrip Four-Port Circulators™ describes a back-to-back
four port microstrip circulator configured from two three-port
single junction circulators whose substrates lay back-to-back
and are interconnected with a coaxial feedthrough. The teach-
ings of U.S. Pat. No. 5,374,241 describe the advantages of
such a configuration.

SUMMARY

In accordance with the present disclosure, a dual stacked
stripline circulator includes: a first composite ferrite disc
having an inner portion and an outer portion; a second com-
posite ferrite disc having an inner and an outer portion; a third
composite ferrite disc having an inner and an outer portion; a
fourth composite ferrite disc having an inner and outer por-
tion; a first substrate having an edge with the first composite
ferrite disc disposed in the first substrate; a second substrate
having and edge with the second composite ferrite disc dis-
posed in the second substrate; a third substrate having an edge
with the third composite ferrite disc disposed in the third
substrate, the third substrate disposed adjacent the second
substrate; a fourth substrate having and edge with the fourth
composite ferrite disc disposed in the fourth substrate; a first
pattern defining three ports of a first three-port circulator
disposed between the first substrate and the second substrate;
a second pattern defining three ports of a second three-port
circulator disposed between the third substrate and the fourth
substrate; and a metal film encircling the edge of the first,
second, third and fourth substrate. With such an arrangement,
two circulator devices can be packaged in a tile architecture
within an antenna lattice spacing required for an antenna
having active elements utilizing circulators fabricated using
unique thick film processing techniques.

In accordance with the present disclosure, a dual stacked
stripline circulator includes multiple composite ferrite discs,
each having an inner portion and an outer portion; a first
substrate having an edge with a first composite ferrite disc
disposed in the first substrate; a second substrate having an
edge with a second composite ferrite disc disposed in the
second substrate; a third substrate having an edge with a third
composite ferrite disc disposed in the third substrate, the third
substrate disposed adjacent the second substrate; a fourth
substrate having and edge with a fourth composite ferrite disc

20

30

40

45

55

2

disposed in the fourth substrate; a first pattern defining three
ports of a first three-port circulator disposed between the first
substrate and the second substrate; a second pattern defining
three ports of a second three-port circulator disposed between
the third substrate and the fourth substrate; and a metal film
encircling the edge of the first, second, third and fourth sub-
strate, With such an arrangement, a dual stacked stiipline
circulator is provided suitable for use with a dual polarized
active electronically scanned array (AESA) antenna where
each radiating element is being actively fed.

In at least one embodiment, each disc includes an inner
portion of a high saturation magnetization material and an
outer portion of a low saturation magnetization material and
the metal film is gold. Furthermore, the inner portion of a high
saturation magnetization material is adhered to the outer por-
tion of a low saturation magnetization material using a high
temperature adhesive. This construct is commonly used to
realize wideband circulators whose ratio of upper operating
frequency to lower operating frequency is 3 or greater. Nar-
rower band circulators can be realized using a single ferrite
disc of an appropriate saturation magnetization material for
the frequency of operation. The methods of'this disclosure are
applicable to the single ferrite disc as well as the composite
ferrite disc,

A method of providing a dual stacked stripline circulator
includes: forming a first substrate with a first composite fer-
rite disc having an inner portion with a high saturation mag-
netization material and an outer portion of a low saturation
magnetization material; forming a second substrate with a
second composite ferrite disc having an inner portion with a
high saturation magnetization material and an outer portion
of a low saturation magnetization material; forming a third
substrate with a third composite ferrite disc having an inner
portion with a high saturation magnetization material and an
outer portion of a low saturation magnetization material;
forming a fourth substrate With a fourth composite ferrite disc
having an inner portion with a high saturation magnetization
material and an outer portion of a low saturation magnetiza-
tion material; disposing a first pattern defining three ports of
a first three-port circulator on each of the first substrate and
the second substrate; disposing a second pattern defining
three ports of a second three-port circulator on each of the
third substrate and the fourth substrate; stacking the first
substrate, the second substrate, the third substrate and the
fourth substrate; and encircling a metal film around the first,
second, third and fourth substrate. With such a technique, a
dual stacked stripline circulator is provided compact in size
and suitable for use in a feed arrangement for an antenna feed
with active elements.

The details of one or more embodiments of the disclosure
are set forth in the accompanying drawings and the descrip-
tion below. Other features, objects, and advantages of the
disclosure will be apparent from the description and draw-
ings, and from the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 is a top perspective view of a dual stacked stripline
circulator according to the disclosure;

FIG. 1A is a side cross sectional view of a portion of a dual
stacked stripline circulator according to the disclosure;

FIG. 1B is a bottom perspective view of a dual stacked
stripline circulator according to the disclosure;

FIG. 2 is a side cross sectional view of a portion of a dual
stacked stripline circulator according to the disclosure;
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FIGS. 2A to 2F are top perspective views of portions of the
dual stacked stripline circulator during fabrication according
to the disclosure;

FIG. 3 is a top perspective view of a dual stacked stripline
circulator fabricated using the steps shown in FIGS. 2A-2F
according to the disclosure;

FIG. 3A is a side perspective view of a dual stacked strip-
line circulator fabricated using the steps shown in FIGS.
2A-2F according to the disclosure; and

FIG. 4 is a diagram showing the various steps used to
fabricate a dual stacked stripline circulator according to the
invention.

Like reference symbols in the various drawings indicate
like elements,

DETAILED DESCRIPTION

It should be appreciated that an active electronically
scanned way (AESA) antenna requires a circulator compo-
nent connected to each radiating element. The circulator
duplexes is the signals from the antenna, routing the transmit
signal to the radiating element and the receive signal from the
radiating element, while providing isolation between the
transmit path and the receive path, An array lattice spacing is
typically set at /2 the free space wavelength, which deter-
mines the space available for packaging a circulator in the
plane of the array, in a dual polarized array, two circulator
devices are needed to be packaged within the array lattice
spacing, further restricting the space available per circulator.
Typically, there are two packaging options, circulator reso-
nator and transmission lines parallel (brick) or perpendicular
(tile) to the direction of antenna radiation propagation. Since
a circulator’s size is much larger in the plane of the resonator
and transmission lines, it is easier to package in the brick
architecture. However, if the circulators are packaged in the
tile architecture, the overall array depth is reduced substan-
tially. This size and weight savings increases as the frequency
of operation decreases. This disclosure allows two circulator
devices to be packaged in a tile architecture within the
antenna lattice spacing utilizing circulators fabricated using
unique thick film processing techniques.

Referring now to FIGS. 1, 1A, 1B and 2, a dual stacked
stripline circulator 100 is shown where two stripline circula-
tors are stacked on top of each other for use in the 0.5 to 2.0
GHz band. The dual stacked stripline circulator 100 includes
four substrates, substrate 101, substrate 102, substrate 103
and substrate 104. A coldplate 110 is attached to substrate
104. Each circulator includes two substrates for a total of four
substrates stalked together to provide the dual stacked strip-
line circulator 100. A magnetic bias is provided by a magnetic
pole piece 105 and permanent magnet 107 and magnetic pole
piece 106 and permanent magnet 108 positioned, respec-
tively, on the top and the bottom of the stacked substrate
assembly. The interconnections between the circulators and
the T/R modules (not shown) on the bottom and the circula-
tors and the antenna radiators (not shown) on top are made
using coaxial spring probe contacts 111. The dual stacked
stripline circulator 100 has coaxial to stripline vertical tran-
sitions formed using vias 44 and metallization 46 as shown in
FIG. 2 within the stack and connected with RF ports 42.
Ground vias provide isolation between the two independent
circulators. The four substrates are bonded together, two at a
time, using a thick film sealing glass paste 109 (FIG. 1A) as to
be described further. The vias 44 are formed in each substrate
layer individually and then connected together when the stack
is bonded using a low shrinkage gold thick film paste fired at
800 C. The circulator stripline circuit layer is printed and
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pattern etched on both sides of the substrates and then con-
nected together with wet thick film paste and fired at 800 C.
Mirrored patterning and wet attachment processes are used to
prevent any gaps between the circuit and substrate since any
gap could cause a resonance spike in the operating band.
Grounds are connected together on the outside of the entire
stack using a low temperature (525 C) thick film paste edge
wrap process as to be described. The low firing, low shrinkage
edge wrap pastes prevents cracks between the substrate inter-
faces.

To provide wideband circulators with a bandwidth greater
than 2:1, composite ferrite substrates are used. These sub-
strates include a center disc of one ferrite material having a
high saturation magnetization material and a ring of another
ferrite material having a lower saturation magnetization
material surrounding the center disc, and a thermally matched
dielectric ceramic material surrounding the ferrite materials.
It should be noted that the low saturation magnetization mate-
rial could also be used instead of the thermally matched
dielectric ceramic material as a single element. The processes
employed in this disclosure are compatible with the usage of
the composite ferrite substrates. This disclosure uses thick
film post-fired substrate stacking processes applied to ferrite
substrates and/or composite ferrite/dielectric substrates for
fabrication as to be described further. The unique aspects of
the process are: thick film sealing glass for substrate stack
bonding; layer to layer and substrate to substrate via inter-
connects; metallization and patterning across the gaps
between. composite materials; and mirrored etched stripline
circuit metallization on top and bottom of the substrates and
their interconnection. This disclosure uses stacked circulators
in a tile architecture to reduce depth and weight for a dual-
polarized wideband active array antenna. The overall pack-
aging technique which has two devices per unit cell with
shared magnetic bias and utilizing coaxial spring pin vertical
interconnects provides a dual stacked stripline circulator 100
satisfactory for use in a dual-polarized wideband active array
antenna.

Referring now to FIG. 2A, a dual composite disc with
dielectric material 20 is shown where the dual composite disc
21 includes an inner central portion 22 of high saturation
magnetization material and an outer portion 24 of low satu-
ration magnetization material encircling the central inner por-
tion 22 and a dielectric material 26 encircling the outer por-
tion 24 of the dual composite disc 21 as shown. Also shown is
aframe 28 used to support the dielectric substrate material 26
during fabrication, but is disposed of once the dual composite
disc with dielectric material 20 is fabricated. It should be
noted that instead of using the dielectric material 26, the low
saturation magnetization material could be used alternatively.
Onetechnique to fabricate the initial dual composite disc with
dielectric material 20 as shown is to start with a block of
dielectric material and drill out a hole and fill the hole with a
low saturation magnetization material using a high tempera-
ture adhesive between the two materials. Once the low satu-
ration magnetization material is bound to the dielectric mate-
rial, drill out a smaller hole in the low saturation
magnetization material and fill the hole with high saturation
magnetization material using a high temperature adhesive
between the two materials. Once the high saturation magne-
tization material is bound to the low saturation magnetization
material, the block can be sliced to the desired thickness and
then ground to the final thickness to provide the dual com-
posite disc with dielectric material 20. To correct any defi-
ciencies in the thickness of the dielectric material, a thick film
dielectric material is printed on the front side and the back
side of the dual composite disc with dielectric material 20 to
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ensure the front side and the back side is planar. The latter will
fill in any gaps left on the front or the backside of the com-
posite disc especially at the transitions between the high
saturation magnetization material and the low saturation
magnetization material and between the low saturation mag-
netization material and the dielectric material and later allow
thick film metallization to be disposed across the surface and
then etched to provide a metallization layer as described later.
The frame 28 is cut from the dual composite disc with dielec-
tric material 20 using known techniques.

Referring now to FIG. 2B, thru-holes are drilled through
the dielectric material 26 as required and filled with gold (Au)
to provide metalized thru-holes 30 to correspond to the cir-
cuitry as described further herein. Alignment holes are also
provided in each one of the substrates to facilitate alignment
as the substrates are stacked on each other.

Referring now to FI1G. 2C, a metallization layer 40 is shown
where a gold conductor paste using thick film metallization
process techniques was spread on the front and backside of
the dual composite disc with dielectric material 20 and then
dried at 150 degrees C. and then fired at 850 degrees C. A
photo resist is applied, developed and etched on the front and
hack side to provide the desired metallization pattern as
shown in FIG. 2C It should be noted the backside of the dual
composite disc with dielectric material 20 is primarily a
ground plane with openings disposed to accommodate the
gold filled thin-holes 30. The latter is performed for each of
the substrates 101, 102, 103 and 104 where the desired met-
allization pattern is etched on one side of the dual composite
disc with, dielectric material 20 and a ground plane with
openings disposed to accommodate the gold filled thru-holes
30 on the other side of the dual composite disc with dielectric
material 20. It should be appreciated desired metallization
pattern is a mirror image of each other for substrates 101 and
102 and the desired metallization pattern is a mirror image of
each other for substrates 103 and 104. The requisite metalli-
zation pattern needed to fabricate each of the circulators is
well known in the art and will depend on the frequency and
bandwidth requirements of the application. The technique
used to fabricate the dual stacked stripline circulator 100 is
not dependent on any specific metallization pattern and any
known metallization pattern used for y-junction circulators
may be used.

Referring now to FIG. 2D, the substrate 103 is bonded to
the substrate 104 and in a similar manner the substrate 101 is
bonded to substrate 102. In preparation, a thick film sealing
glass is printed on a surface of the substrates 101 and 103 and
dried at 150 degrees C. and a thick film gold via fill is printed
on substrates 101 and 103 and dried at 150 degrees C. In a
similar manner, a thick film gold via fill is printed on sub-
strates 102 and 104 and substrate 103 is mounted with sub-
strate 104 and substrate 101 is mounted with substrate 102
and dried at 150 degrees C. The stacked substrates 103 and
104 and the stacked substrates 101 and 102 are then fired at
750 degrees C. This generates a first pair of stacked substrates
and a second pair of stacked substrates ready for further
processing. Also shown in FIG. 2D is an RF port 42 which
extends through the substrate and is connected to metalliza-
tion pattern 40 to provide a signal path.

Referring now to FIG. 2E, the stacked substrates 101 and
102 are bonded to the stacked substrates 103 and 104. In
preparation, thick film gold via fill is printed on the back side
of'the stacked substrates 103 and 104 which are then mounted
with the stacked substrates 101 and 102 to provide a stacked
substrate assembly 112 and dried at 150 degrees C. The
stacked substrate assembly 112 Which includes the combined
stacked substrates 101, 102, 103 and 104 is then fired at 750
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degrees C. Also shown in FIG. 2E are vent holes 44 to allow
gasses to vent when the stacked substrates are mounted
together and cured.

Referring now to FIG. 2F, to finalize the circulator stack, an
edge wrap sealing glass 50 is disposed on the stacked sub-
strate assembly 112 and then an edge wrap gold thick paste 60
is disposed on the edge of the stacked substrate assembly 112.
The latter is then dried at 150 degrees C. and then fired at 550
degrees C.

Referring now to FIGS. 3 and 3A, completing the dual
stacked stripline circulator 100, a pole piece 105 and a pole
piece 106 are disposed on the top and the bottom, respec-
tively, of the stacked substrate assembly 112 and then a per-
manent magnet 107 is disposed on the pole piece 105 and a
permanent magnet 108 is disposed on the pole piece 106.
Referring again to FIG. 1B, the stacked substrate assembly
112 is mounted to the cold plate 110 to dissipate heat to
mitigate overheating.

Referring again to FIG. 1A, it can be seen that the dual
stacked stripline circulator 100 includes the four ferrite sub-
strates, 101, 102 103 and 104, in the illustrated example each
typically having a thickness of 0.1 inches separated by a
glass/via filled layer 109 typically having a thickness of
0.0015 inches. A pole piece 105 typically having a thickness
of 0.015 inches is mounted with substrate 101 with a layer
113 between the pole piece 105 and the substrate 101 typi-
cally having a thickness 0f0.002 inches. A permanent magnet
107 typically having a thickness of 0.030 inches is mounted
with pole piece 105 with a bonding layer 114 typically having
athickness of 0.002 inches. A pole piece 106 typically having
a thickness of 0.050 inches is mounted with substrate 104
with a layer 115 between the pole piece 105 and the substrate
101 typically having a thickness 0 0.002 inches. A permanent
magnet 108 typically having a thickness of 0.030 inches is
mounted with pole piece 106 with a bonding layer 116 typi-
cally having a thickness 0f'0.002 inches. The latter provides a
dual stacked stripline circulator 100 having a thickness typi-
cally of 0.5025 inches. It should be appreciated the latter
thickness may vary depending on the tolerances maintained
for each of the individual layers, but provides the preferred
dimensions for a multi junction circulator operating in the 0.5
t0 2.0 GHz band. It should be appreciated by one skilled in the
art the dimensions would vary accordingly if a different oper-
ating band is utilized.

Referring now to FIG. 4, a fabrication process 200 is shown
to fabricate the dual stacked stripline circulator 100. First, a
laser machined composite substrate is received where the
substrate includes a dual composite disc fabricated within the
substrate as shown by step 202. As described earlier in con-
nection with FIG. 2A, a composite disc with dielectric mate-
rial 20 includes an inner central portion 22 of high saturation
magnetization material and an outer portion 24 of low satu-
ration magnetization material encircling the central inner por-
tion 22 and a dielectric material 26 encircling the outer por-
tion 24 of the dual composite disc 21. Next, as shown in step
204, a thick film dielectric gap fill is printed on the front side
and the back side of the composite disc with dielectric mate-
rial 20 (also sometimes referred to as a composite ring) and
dried at 150 degrees C. and then fired at 850 degree C. Next,
as shown in step 206, the thru-holes are metalized, the holes
are plugged in the substrate, and dried at 150 degrees C. and
then fired at 850 degrees C. and repeated as necessary.

Next, as shown is step 208, gold conductor paste is screen
printed on the front and back side of the substrate, dried at 150
degrees C. and fired at 850 degrees C. Next, as shown in step
210, photo resist is applied, developed, and the front side and
hack side of each of the substrates 101, 102, 103 and 104 are
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etched. Next, as shown in step 212, a thick film sealing glass
is printed on the front side and back side of each of the
substrates 101, 102, 103 and 104 and dried and then a thick
film via fill is printed on the front side and back side of each
of the substrates 101 and 103 and dried at 150 degrees C.
Next, as shown in step 214, a thick film gold via fill is printed
on substrates 102 and 104 and substrate 102 is mounted with
substrate 101 and substrate 104 is mounted with substrate 103
and dried at 150 degrees C. and then fired at 750 degrees C.
Next, as shown in step 216, thick film sealing glass is printed
on the substrates and dried and then thick film gold via fill is
printed on the backside of the substrate stack with substrate
101 and 102 and dried at 150 degrees C.

Next, as shown in step 218, thick film gold via. fill is
printed on back side of the substrate stack with substrates 103
and 104 and substrates 103 and 104 are mounted with the
substrate stack with substrates 101 and 102 and dried at 150
degrees C., The stacked substrate assembly 112 is then fired at
750 degrees C. Next, as shown in step 220, sealing glass 50 is
edge wrapped or encircled around the stacked substrate
assembly 112, and then gold thick film paste is edged
wrapped or encircled around the stacked substrate assembly
112 and dried at 150 degrees C. and then tired at 550 degrees
C.

To complete the dual stacked stripline circulator 100, pole
pieces are placed on universal tape ring frame boats (not
shown) and an adhesive is printed on each pole piece, A
magnet is placed on the adhesive and the magnet assembly is
cured in an oven. Next, the circulator stacks are placed on
universal tape ring frame boats and an adhesive is applied to
each circulator stack. A magnet assembly (pole piece and
magnet) is placed on each circulator stack and cured in an
oven. Then the process is repeated to place a magnet assembly
on the back side of each circulator stack. The latter steps
provide a dual stacked stripline circulator 100 as shown in
FIG. 3A according to the disclosure.

It should now be appreciated that with such an arrange-
ment, the dual stacked stripline circulator 100 is preferable
for tile packaging used to minimize array depth, works well
for X band and below, for example, 0.5 to 2.0 GHz, with a
thickness of approximately 0.50 inches vs 4.0 inches for brick
packaging. With dual polarization, each unit cell of the array
requires two circulators which are accomplished by the dis-
closure and the circulators share a magnetic bias circuit. The
following features are taught by the disclosure; a circulator
constructed using thick film post-fired substrate stacking to
include: thick film sealing glass for substrate stack bonding,
layer to layer and substrate to substrate via interconnects,
metallization and patterning across the gaps between com-
posite materials, mirrored etched stripline circuit metalliza-
tion on top and bottom of the substrates and their intercon-
nection, and the disclosure uses stacked circulators in a tile
architecture to reduce depth and weight for a dual-polarized
wideband active array antenna. The overall packaging tech-
nique which has two devices per unit cell with shared mag-
netic bias and utilizing coaxial spring pin vertical intercon-
nects provides a compact feed structure for a the array.

A number of embodiments of the disclosure have been
described. Nevertheless, it will be understood that various
modifications may be made without departing from the spirit
and scope of the disclosure. Accordingly, other embodiments
are within the scope of the following claims.

What is claimed is:

1. A dual stacked stripline circulator comprising:

afirst composite ferrite disc having an inner portion and an
outer portion;
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a second composite ferrite disc having an inner and an
outer portion;

a third composite ferrite disc having an inner and an outer
portion;

a fourth composite ferrite disc having an inner and outer
portion;

a first substrate having an edge with the first composite
ferrite disc disposed in the first substrate;

a second substrate having an edge with the second com-
posite ferrite disc disposed in the second substrate;

a third substrate having an edge with the third composite
ferrite disc disposed in the third substrate, the third sub-
strate disposed adjacent the second substrate;

a fourth, substrate having an edge with the fourth compos-
ite ferrite disc disposed in the fourth substrate;

a first pattern defining three ports of a first three-port cir-
culator disposed between the first substrate and the sec-
ond substrate;

a second pattern defining three ports of a second three-port
circulator disposed between the third substrate and the
fourth substrate; and

a metal film encircling the edge of the first, second, third
and fourth substrate.

2. The dual stacked stripline circulator as recited in claim 1

comprising:

a first permanent magnet;

a second permanent magnet;

a first pole piece disposed between the first permanent
magnet and the first substrate; and

a second pole piece disposed between the second perma-
nent magnet and the fourth substrate.

3. The dual stacked stripline circulator as recited in claim 1
wherein the inner portion of each of the composite ferrite
discs is a high saturation magnetization material and the outer
portion of each of the composite ferrite discs is a low satura-
tion magnetization material.

4. The dual stacked stripline circulator as recited in claim 1
wherein the metal film is gold.

5. The dual stacked stripline circulator as recited in claim 1
wherein the inner portion of the composite ferrite disc is
bonded to the outer portion of the composite ferrite disc with
a high temperature adhesive.

6. The dual stacked stripline circulator as recited in claim 1
wherein the outer portion of the composite ferrite disc is
bonded to the substrate with a high temperature adhesive.

7. The dual stacked stripline circulator as recited in claim 1
wherein a metallization layer is provided on one surface of
each of the substrates to provide the pattern defining three
ports of a first three-port circulator.

8. The dual stacked stripline circulator as recited in claim 1
wherein a ground plane metallization layer is provided on one
surface of each of the substrates.

9. The dual stacked stripline circulator as recited in claim 1
wherein gold filled vias are disposed in each of the substrates.

10. A dual stacked stripline circulator comprising:

a plurality of composite ferrite discs, each composite fer-
rite disc having an inner portion of high saturation mag-
netization material and an outer portion of low saturation
magnetization material;

aplurality of substrates, each substrate having an edge with
a corresponding composite ferrite disc disposed in the
substrate;

a first pattern defining three ports of a first three-port cir-
culator disposed between a first substrate and a second
substrate; and

a second pattern defining three ports of a second three-port
circulator disposed between a third substrate and a
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fourth substrate; and a metal film encircling the edge of
the first, second, third and fourth substrate.

11. The dual stacked stripline circulator as recited in claim
10 comprising:

a first permanent magnet;

a second permanent magnet;

a first pole piece disposed between the first permanent

magnet and the first substrate; and

a second pole piece disposed between the second perma-

nent magnet and the fourth substrate.

12. The dual stacked stripline circulator as recited in claim
10 wherein the inner portion of a composite ferrite disc is
bonded to the outer portion of a composite ferrite disc with a
high temperature adhesive.

13. The dual stacked stripline circulator as recited in claim
10 wherein the outer portion of a composite ferrite disc is
bonded to a substrate with a high temperature adhesive.

14. The dual stacked stripline circulator as recited in claim
10 wherein a ground plane metallization layer is provided on
one surface of each of the substrates.

#* #* #* #* #*

10

15

20

10



